such as BiVO 4 , which possess appropriate band positions for the oxidation of water, show promise as the light-absorbing photoanode within a photoelectrochemical cell. [2] The bandgap of BiVO 4 allows absorption of a significant portion of visible light, giving a theoretical solar-to-hydrogen efficiency of 9% (maximum photocurrent density = 7.5 mA cm −2 ). [3] Indeed, BiVO 4 has been utilized in state-of-the-art tandem photoelectrochemical devices, sometimes referred to as "artificial leaves," [4] with monoclinic scheelite BiVO 4 established as the most effective polymorph for photoanodes. [2c,d] Doping, [5] nanostructuring, [4b,6] heterojunction formation, [7] and the addition of oxygen evolution catalysts (OECs) [6, 8] are employed to remediate the low carrier diffusion lengths associated with BiVO 4 , [9] which reduce efficiency due to accumulation and recombination of charge carriers. [10] Recent reports have established efficient BiVO 4 photoanodes utilizing these strategies, [2a,d,4b,d,11] but state-of-the-art materials have normally only been produced on small scales (e.g., <2.25 cm 2 ) [2d] and require complex fabrication techniques. The scalable deposition of BiVO 4 thin films onto conductive surfaces remains an important target. [2d,11] Examples of larger BiVO 4 films are rare, however, 35 cm 2 films have been produced by sputtering techniques. [12] Current synthetic routes include chemical vapor deposition [13] and electrochemical deposition, [4b,6] however, solution routes are particularly attractive due to their simplicity and potential for scale up. Precursors for solution preparation include inorganic salts and/or metal-organic precursors such as Bi(NO 3 ) 3 [4a,c,d] or Bi(2-ethylhexanoate) 3 [11] with VO(acac) 2 (acac = acetylacetanoate), [4a,c,d] VO(OR) 3 (R = Et, O i Pr), [11] VCl 3, [14] or NH 4 VO 3, [15] to which precursors for doping may also be added. [3,4c] Spray pyrolysis or drop casting/spin coating followed by an annealing step can transform these precursors into BiVO 4 . [2a,c,3] A challenge when using a mixture of soluble precursors is the even distribution of molecules and prevention of phase separation upon drying, which can result in differing morphologies or compositions across the film after calcination; especially relevant when scaling the process. For example, spin-coating Bi(NO 3 ) 3 and VO(acac) 2 produced a nonuniform 6 cm 2 film, with the central 1 cm 2 giving twice the photocurrent density compared to that of the whole plate. [16] Single-source precursors are used to produce nanostructured BiVO 4 photoanodes for water oxidation in a straightforward and scalable drop-casting synthetic process. Polyoxometallate precursors, which contain both Bi and V, are produced in a one-step reaction from commercially available starting materials. Simple annealing of the molecular precursor produces nanocrystalline BiVO 4 films. The precursor can be designed to incorporate a third metal (Co, Ni, Cu, or Zn), enabling the direct formation of doped BiVO 4 films. In particular, the Co-and Zn-doped photoanodes show promise for photoelectrochemical water oxidation, with photocurrent densities >1 mA cm −2 at 1.23 V vs reversible hydrogen electrode (RHE). Using this simple synthetic process, a 300 cm 2 Co-BiVO 4 photoanode is produced, which generates a photocurrent of up to 67 mA at 1.23 V vs RHE and demonstrates the scalability of this approach.
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Water Oxidation
Converting solar energy into hydrogen by the splitting of water or the conversion of anthropogenic CO 2 into fuels coupled to water oxidation are attractive solutions to energy production and storage issues. [1] Currently, a major obstacle to the practical synthesis of solar fuels is the unfavorable kinetics of the water oxidation reaction and the access to materials that can rapidly oxidize water is therefore a key requirement. Semiconductors
The use of a single-source precursor (SSP) overcomes issues with phase separation and ensures a consistent film prior to annealing. [17] In this work, SSPs consisting of Bi x V y O z molecular clusters ligated only by dimethylsulfoxide (DMSO, b.p. 189 °C) are utilized to form nanostructured thin films of BiVO 4 on fluorine-doped tin oxide (FTO) substrates. The SSPs are synthesized straightforwardly, in a one-step process from commercially available starting materials. Furthermore, SSPs incorporating a dopant metal atom (M = Co, Ni, Cu, Zn) can be obtained, enabling direct production of doped BiVO 4 (M-BiVO 4 ). All M-BiVO 4 films show good photoactivity and may be produced on a large scale (e.g., 300 cm 2 ). This process promises to allow the fabrication of real world devices, including multilayer tandem systems. [8b] Molecular SSPs to BiVO 4 were inspired by reports by Streb and co-workers, who reported the synthesis of bismuth polyoxovanadate clusters, Bi 4 (DMSO) 12 3 (+NaCl, for 2-NBu 4 ), but in our approach, the synthesis is simplified by employing commercially available VO(O i Pr) 3 (Figure 1) . SSP 1 is prepared directly from the stoichiometric reaction of VO(O i Pr) 3 with Bi(NO 3 ) 3 ·5H 2 O in DMSO. The vanadium precursor is highly water sensitive and is hydrolyzed during this reaction by the water of crystallization of the bismuth salt. Upon introducing a third metal to the reaction mixture, as MCl 2 (M = Co, Ni, Cu, Zn), a series of salts was prepared with formula [Bi 2 (DMSO) 6 6 ] (2-M). Crystalline 1 or 2-M are obtained by slow diffusion of ethyl acetate into the DMSO solutions (isolated crystalline yields, 1 = 53%, 2-M 57-70%).
Compounds 1 and 2-M were characterized by single-crystal and powder X-ray diffraction (XRD), elemental analysis, UV/ vis-spectroscopy, X-ray photoelectron spectroscopy (XPS), thermogravimetric analysis (TGA), and Fourier-transform infrared (FTIR) spectroscopy (Figures S1-S9 and Tables S1-S4, Supporting Information), the data for 1 were consistent with the previous report. [18] All 2-M are isostructural and contain 12 molecules of DMSO in the crystal lattices. The oxidation state of M was confirmed as +2 by a combination of XPS, electronic absorption spectroscopy, and by a Jahn-Teller distortion in the solid-state structure in the case of 2-Cu (Figures S7 and S5  and Table S2 , Supporting Information). TGA under N 2 showed complete loss of DMSO (and water for 1), while under air a slightly reduced mass loss occurred (Table S4 , Supporting Information). The latter potentially indicates some retention of carbon residues as supported by the darkening of the samples; this darkening is removed by washing (see later).
BiVO 4 or M-BiVO 4 films were prepared by drop-casting the precursor solutions (3.6 × 10 −3 m 1 or 2-M in DMSO, 40 µL cm −2 per layer) onto FTO-coated glass before annealing by ramping the temperature to 550 °C ( Figure 1 ). The thermal degradation requires loss of DMSO and water, but no other organics need to be removed, in contrast to the two previously reported complexes which can be decomposed to BiVO 4 (neither of these have been reported to produce photoanodes). [19] The produced films were washed with 0.2 m NaOH solution to remove V 2 O 5 and other potential impurities such as metal chlorides. [15, 20] Thin films comprising multiple layers (up to 6) were prepared by repeating the process, in order to maximize the photocurrent. The thickness of Co-BiVO 4 increases by ≈150-250 nm for each new layer ( Figure S11 , Supporting Information). The simplicity of the method, which requires only a furnace, allows the simultaneous preparation of multiple medium or largescale photoanode panels (see below).
All of the undoped and doped films were characterized by powder XRD and diffuse reflectance UV-vis spectroscopy, which indicated the formation of monoclinic scheelite BiVO 4 with bandgaps of 2.4-2.5 eV (Figures S10 and S32, Supporting Information). During annealing, the SSPs decompose to form two separate phases (a type III SSP), [17a,21] , e.g., BiVO 4 and V 2 O 5 (Figure 2a-e) . [20] Scanning electron microscopy (SEM) with energy-dispersive X-ray spectroscopy (EDS) conducted before the washing process indicated the presence of large rods amongst smaller particles, with the rods composed mainly of V and O ( Figures S26 and S27 , Supporting Information). Crystalline V 2 O 5 was not identified by XRD ( Figure S10c , Supporting Information), supporting the existence of an amorphous vanadium oxide phase.
Further characterization (including SEM and XPS) of films was conducted both before and after their use as photoanodes (see later). XPS and EDS confirmed the loss of all Cl and S from the films and that the 2p core levels for dopant M were very similar to those in 2-M ( Figures S28 and S7 , Supporting Information). Therefore, Co and Ni are identified in the +2 oxidation state, but this could not be unambiguously determined for Cu and Zn. The morphology and bulk composition of the films were examined by SEM and EDS, complementing the surface composition analysis by XPS. The undoped BiVO 4 film is composed of ≈300 nm particles, with the expected 1:1 bulk ratio of metals, indicating successful removal of all V 2 O 5 by washing (Figures S14 and S15, Supporting Information). The surface is initially V rich, but the surface V:Bi ratio becomes 1:1 after photo electrochemical treatment (Figure 2h and Figure S30 , Supporting Information). The morphology also appears slightly less monodisperse after use as a photoanode, suggesting a slight degradation of the surface structure during use ( Figure S12 vs Figure S14 , Supporting Information). Zn-doping occurs uniformly throughout the film and leads to slightly larger ≈400 nm particles that contain a V:Bi:Zn ratio of 1:0.91:0.13 (ratios ± 0.01) (Figure 2e-f and Figures S24 and S25 , Supporting Information), which indicates replacement of 1 Bi 3+ by 1.5 Zn 2+ . Co doping creates a greater particle size dispersity (≈200-500 nm, Figure 2b , Figures S18 and S19, Supporting Information) and while EDS suggests that Co is distributed throughout the material, XPS identifies that the surface becomes Co enriched after use as a photoanode (approximately twice the concentration of Co in the surface (≈6-9 nm) compared to the bulk, Figure 2f ,h and Figure S31 , Supporting Information). Despite the mobility of Co, the morphology of Co-BiVO 4 is not greatly affected during photoelectrochemical testing ( Figure S16 vs Figure S18 , Supporting Information). This is particularly interesting as various Co-based surface layers, which may act as OECs and/or suppress surface recombination, are known to greatly enhance water oxidation efficiency and photoanode stability, and an accumulation of Co on the BiVO 4 surface is therefore likely to improve catalytic performance. [6, 10] In the cases of Cu and Ni doping, multiple phases are identified by EDS point scans: for Cu, small particles (≈150 nm) of Cu-doped BiVO 4 are located alongside larger (≈700 nm) particles which appear to be undoped BiVO 4 ( Figures S22 and S23 , Supporting Information); for Ni, large plates (≈600 × 600 × 100 nm) of a Ni rich vanadium oxide phase are located alongside particles consisting mainly of BiVO 4 ( Figures S20 and S21 , Supporting Information). For both Co and Ni doping a significant excess of V is observed, suggesting incorporation of a secondary phase of amorphous (M-doped) vanadium oxide, which is sustained in spite of the washing process.
The electronic structure of the (M)-BiVO 4 films was examined by XPS (Figure 2g ) and the valence band (VB) of the BiVO 4 photoanode shows the expected structure for BiVO 4 . [22] The addition of Zn does not seem to have an influence on the structure of the VB, with both materials displaying VB max to E F separation (Δ VB-EF ) of ≈1.6 eV, as calculated from fits to the VB maximum (VB max ) and the background ( Figure S29 , Supporting Information). In contrast, the other three metals, Co, Ni, and Cu, all introduce extra structure to the VB, particularly the states closest to the Fermi energy E F (Figure 2g ). XPS is particularly sensitive to the surface structure and these changes are best explained by the presence of the extra phases or surface structuring, evidenced by a shift in Δ VB-EF for CoBiVO 4 before and after photoelectrochemical treatment (Δ VB-EF : before, 1.35 eV; after, 0.72 eV). Alongside surface analysis using XPS, the flatband potential (E fb ) of the bulk semiconductor films was determined using electrochemical impedance spectroscopy ( Figure S39 , Supporting Information). The Mott-Schottky plots displayed a positive gradient, indicating an n-type behavior in all cases. The E fb of undoped BiVO 4 (+0.04 V vs reversible hydrogen electrode (RHE)) was similar to literature values, [6, 9, 11] while Co and Zn cause an anodic shift (E fb vs RHE: Co-BiVO 4 , +0.22 V; ZnBiVO 4 , +0.29 V) consistent with metals acting as p-type dopants (Bi 3+ replaced by M 2+ ). [15] Such a shift may result in a slightly later onset potential for these photoelectrodes. Cu-BiVO 4 (E fb = 0 V vs RHE) displays an inversion region attributed to multiple phases or heavy dopant density (possibly from both n-type and p-type components, e.g. Cu 2 O, see Figure S39d , Supporting Information).
The photoelectrochemical properties of (M-)BiVO 4 electrodes were studied by linear sweep voltammetry (LSV), cyclic voltammetry (CV) and chronoamperometry (CA) in a three-electrode configuration, using a 0. than for undoped BiVO 4 and decrease in the order Zn > Co > Cu > Ni > no doping. The photocurrent improvement may be attributed to a structural effect from the dopant metal, e.g., changes in morphology and effective surface area. Replacement of Bi 3+ by M 2+ with associated alteration of defect states is also known to affect charge accumulation and transport. [15] Photoanodes of varying thickness were tested similarly for water oxidation in the absence of [SO 3 ] 2− (Figure 3b and Figure S35 , Supporting Information). The photocurrent density of undoped BiVO 4 samples increased with the number of deposition cycles, from 0.16 ± 0.01 mA cm −2 at 1.23 V vs RHE (back-illumination) for a single layer, up to 0.52 ± 0.02 mA cm −2 for the corresponding four-layer electrodes, presumably due to increased light absorption (Figure 3b) . The result is consistent with that of unmodified BiVO 4 films prepared by reported procedures (e.g., 0.5 mA cm −2 by sputtering, [23] 0.6 mA cm −2 by spray pyrolysis [24] ), although pinhole-free BiVO 4 has recently been reported to generate a photocurrent ≈2.2 mA cm −2 . [14] A slightly lower photocurrent was observed beyond the fourth layer due to charge transport limitations (Figure 3b) . [3] The doped electrodes showed similar behavior, reaching maximum values of 1.07 ± 0.02 (Zn), 1.01 ± 0.02 (Co), 0.94 ± 0.02 (Cu), 0.82 ± 0.02 (Ni) mA cm −2 at 1.23 V vs RHE (back-illumination) for five-layer samples, in the same order as observed for [SO 3 ] 2− oxidation. The higher photocurrent densities from [SO 3 ] 2− oxidation (Figure 3a and Figure S34 , Supporting Information) indicate a degree of charge recombination at the semiconductor-electrolyte interface during water oxidation. The photocurrent from Co-BiVO 4 samples shows an early onset potential at ≈0.4 V vs RHE and increases rapidly at low overpotentials (e.g., 0.74 mA cm −2 at 0.8 V vs RHE, Figures S34 and S35 , Supporting Information), which indicates a major role for the Co-enriched surface structure in the water oxidation catalysis. However, the highest photocurrent density, at 1.23 V vs RHE, is found for Zn doping, where the dopant may behave primarily as a structural modifier, dispersed throughout the material, rather than supplying a surface ZnO heterojunction. These results suggest that dopants can enhance water oxidation performance in different ways and introduce the possibility of more complex multidoped systems, potentially accessible by mixtures of the isostructural 2-M precursors, a tactic which could also control doping concentrations and avoid the formation of secondary phases.
To prove the feasibility of our SSP deposition technique for industrial up-scaling, three 5 × 5 cm 2 and one 15 × 20 cm 2 fivelayer Co-BiVO 4 electrodes were prepared by the same procedure as the 1 cm 2 electrodes. Co was the chosen dopant for scale-up because it was the best performing photoanode at low overpotentials (e.g., <1 V vs RHE) and reached a similar maximum photocurrent density to Zn doping. As Figure 3c shows, both 25 ( Figure 3e ) and 300 cm 2 (Figure 3f ) electrodes show high initial photocurrents of 19.8 and 66.8 mA at 1.23 V vs RHE, corresponding to current densities of 0.82 and 0.22 mA cm −2 , respectively. These absolute photocurrents are some of the largest reported to date for BiVO 4 -based photoanodes. In contrast, stateof-the-art photoanodes with very high photocurrent densities are currently only fabricated and tested on small scales (e.g., <2.25 cm 2 ) generating absolute photocurrents typically being less than 12 mA at 1.23 V vs RHE. [2d,25] The average photocurrent density (0.69 ± 0.23 mA cm −2 ) of three 25 cm 2 electrodes is comparable to that of 1 cm 2 samples (68% of value), indicating the overall excellent scalability and reproducibility of the deposition technique (see CV scans in Figure S36 , Supporting Information). The lower current density of the 300 cm 2 photoanode can be mainly attributed to resistive losses due to FTO (see the linear, ohmic photocurrent behavior with the applied potential in Figure 3c , corresponding to the case of increased series resistance observed in both photovoltaics and photoelectrochemistry). [26] In-plane potential distribution within the FTO sheet, local current densities and local pH gradient build-up may play a role in the reported decrease in photocurrent density for larger illuminated areas. [27] However, in a practical device, additional metal fingers or metal foil substrates could be deployed to mitigate resistive losses within the transparent substrate. Gaps between individual panels in a modular device would also aid the ionic diffusion between the anodic and cathodic compartments of a complete water-splitting array, reducing pH gradient build-up. [26a,27a,b,28] The Co-BiVO 4 electrodes remained active for water oxidation when irradiated over 4 h, with the photocurrents either stabilizing within the first 30 min (see CA traces of 25 and 1 cm 2 samples in Figure 3d and Figure S37a , Supporting Information, respectively), or continuously decaying (see examples of 300 and 25 cm 2 electrodes in Figure 3d and Figure S37b , Supporting Information, respectively). [12] CV scans of the 300 cm 2 panel after the stability test revealed large spikes under chopped irradiation indicative of increased charge recombination ( Figure S38 , Supporting Information). [8a,24] The poor stability of the 300 cm 2 sample may be due to the uneven potential distribution caused by the sheet resistance of the large FTO plate, which may in turn favor BiVO 4 degradation. The best performing 25 cm 2 sample produced 271 µmol O 2 over 4 h, corresponding to a faradaic efficiency of 88% (see green oxygen evolution trace of the 25 cm 2 electrode in Figure 3d ).
In summary, we present an inexpensive, straightforward, and scalable route to thin films of optionally doped BiVO 4 , from easily synthesized SSPs composed of bismuth polyoxovanadates with 3d-metal (Co, Ni, Cu, Zn) cations. The films are ideal for use as water oxidizing photoanodes, and thin films of Co-and Zn-doped BiVO 4 show particular promise with photocurrent densities of >1 mA cm −2 at 1.23 V vs RHE. Thermal decomposition of the SSPs at 550 °C releases DMSO and produces nanocrystalline BiVO 4 alongside amorphous V 2 O 5 (which can be easily removed by washing). The surface of Co-BiVO 4 photoanodes is Co enriched, which may result in a Co-based surface OEC.
The results indicate that good performance single panels approaching practical sizes can be easily prepared using this procedure, such panels could be connected to form larger modules for commercial applications. A reduction in photocurrent density and photoanode stability is observed for the larger panels, which presents device engineering challenges for future development. From the synthetic perspective, the SSP approach can provide a technological edge, since doping can be precisely controlled at a molecular level. The straightforward synthetic route produces stable crystalline precursors, which may be transformed to films on demand. The simple solution deposition process reported should be easily adaptable for the formation of more complex nanostructured or heterojunction photoanodes or for use in multilayer tandem photoelectrochemical devices. The ability to produce large-scale systems (e.g., 300 cm 2 as prepared in this work) for water splitting using simple techniques is an essential requirement for the commercialization of photochemical water-splitting technologies, and the use of soluble SSPs is an ideal strategy for producing (doped) films with excellent homogeneity on a large scale.
[CCDC 1849428-1849431 contain the supplementary crystallographic data for this paper. These data can be obtained free of charge from The Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.].
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